Chemical Industry Corporation Tokyo, Japan . n-Pentylamine purity 97.0 and n-heptylamine purity 99 were obtained from Kanto Chemical Corporation Tokyo, Japan and Acros Organics Fair Lawn, NJ, USA , respectively. n-Pentylammonium chloride C 5 AC and n-heptylammonium chloride C 7 AC were obtained by neutralization of these n-alkylamines dissolved in EtOH with aqueous HCl, and then recrystallized from acetone-EtOH mixtures. The other alkylammonium chlorides were prepared as described in the literature 15 . These compounds were vacuum-dried for about one week before use. Water was distilled, deionized by a Milli-Q filtration system, and then degassed by boiling for 30 min before use.
Measurements
Calorimetric measurements were carried out at 298.15 K on a thermal activity monitor TAM2277, Thermometric AB, Sweden controlled by Digitam 4.1 software with static calibrations. The experimental details were reported in our previous paper 11 .
Calculation of H s
We first consider the titration of pure water with a concentrated aqueous solution of the surfactant. A solution composed of n w * moles of water and n s moles of surfactant is injected into n w 0 moles of pure water, resulting in the On the other hand, the enthalpy change, ΔH M , caused by the injection of the surfactant solution can be represented by the equation 7 ,
which can be compared with equation 1 :
The heat, Q, generated when a solution of molality m is made by mixing pure water and the concentrated solution can be calculated by integrating the P vs. t curve at concentrations below the molality m, where P is the heat power corresponding to the temperature change inside the measurement cell, and was recorded as a function of time t for every injection of a surfactant solution for time intervals long enough to reach thermal equilibrium.
The mole ratio of water and surfactant in the injected concentrated solution is represented by k*, Combining equations 4 and 6 , we obtain:
Here, experiments were carried out for two or more values of k*. If the value of H ∂Q ∂n s T, p , plotted with respect to m, is extrapolated to k* 0, H s can be determined. Figure 1 shows the concentration dependence of H s for the C 10 AC-water system. The plot of H s vs. m t is characterized by a large increase at low concentrations followed by a gradual decrease. This characteristic behavior of H s was also observed for the C n AC n 5 9,11,12 -water systems. The CMC is defined as the concentration given at the intersection of two lines: a line extrapolated from the H s vs. m t plot near the intersection, and a linear regression line calcu- Fig. 1 Fig. 2 as a typical example for systems without a CMC. 3.1.1 H s at concentrations below the CMC The value of H s was positive and increased linearly with m t in the concentration range from zero to the CMC for C n AC n 5 7 systems and from zero to about threefourths of the CMC for C n AC n 8 12 systems.
RESULTS

Relationship between m t and H s
The value of H s can be simply expressed as a straight line with a slope of a, H s a m t 8
As an example, a linear plot for the C 10 AC solution is shown in Fig. 1 . Figure 3 displays the relationship between the chain-length, n, and slope, a, which can be expressed by equation 9 .
The addition of a methylene group to C n AC in the monodisperse state caused an increase in heat absorption with increasing n. The concentration dependence of H s of C n AC was similar to that of the ionic surfactant SC n S 11 .
In the concentration range between three-fourths of the CMC and the CMC, a larger increase in H s was observed for the C n AC n 8 12 -water systems, as seen in Fig. 1 , as well as for the SC n S n 5 13 systems 11 . It should be noted here that the H s of nonionic surfactants did not show a dependence on concentrations of monodisperse states below the CMC 3, 7, 9 .
CMC
The increase in H s at low concentrations turned into a decrease when micelles were formed.
It is well known that equation 10 describes the relationship between the CMC and the number of carbon atoms n in surfactant homologs:
Here, b and c are empirical constants; for ionic surfactants the value of c was reported to be approximately 0.3 16 , which means that the CMC decreases by about one-half upon the addition of CH 2 group to the surfactant chain. The C n AC systems were found to be linear and the values of b and c were determined to be 2.01 and 0.31, respectively. Literature values 13, 15, 17 25 of the CMCs for C n AC are tabulated in Table 1 . The CMC values obtained from the present calorimetric measurements are shown in Table 2 ; they are somewhat larger than those obtained from other methods. The b and c values found here are comparable to those of SC n S n 5 13 b 1.62 and c 0.31 previously reported 11 . Figure 4 shows a plot of the logarithm of CMC values of the C n AC and SC n S surfactants against the chain-length of the hydrophobic groups n . Detailed discussions of the differences in the CMCs of both homologs are presented in section 4. 26 :
where X CMC is the CMC value expressed in terms of the mole fraction at temperature T, and R is the gas constant. β is the degree of counterion binding: β m/N, where N is the micelle aggregation number and m is the number of counterions bound to the micellar surface. The values of β and N for C n AC n 8 12 have already been reported 15 .
Since the β values seem to be invariant with respect to chain-length, the mean value of 0.80 was assumed for the β of C n AC n 5 7 . The N for C n AC n 5 7 was evaluated according to the procedure previously reported 11 .
These values are listed in Table 2 ; the N values for C n AC n 6 8 were comparable to those reported in the literature 24, 27 .
The entropy of micelle formation, Δ S m , was calculated from equation 17 :
The thermodynamic parameters thus evaluated are plotted against n in Fig. 6 together with those for SC n S n 5 13 ; both systems showed very similar chain-length dependence. Equations 18 and 19 were used to describe ΔG m n 5 12 and TΔ S m n 7 12 , respectively.
ΔG m / kJ mol Δ H m was small and corresponded to an endothermic process 9.7 2.7 kJ mol 1 , whereas ΔG m was negative and became more negative with increasing chain-length. Consequently, TΔ S m had large positive values that increased with n, indicating that entropy is the driving force for micelle formation.
However, it should be noted that the Δ H m , TΔ S m , and ΔG m values of C n AC changed by -1.4, 1.9, and -3.3 kJ mol 1 , respectively, upon micellization for every methylene group added. As mentioned in section 3.2.1, the negative ΔH m per methylene group is attributed to the enthalpic stabilization resulting from the aggregation of hydrophobic groups. On the other hand, the TΔ S m per methylene group is positive due to the release of hydophobically hydrated water molecules on micellization. The TΔ S m of every methylene group contributed to lowering the Gibbs energy of micelle formation more than the micellization enthalpy.
DISCUSSION
CMC values of the C n AC and SC n S
The logarithms of the CMC values of the C n AC and SC n S systems are plotted against the alkyl chain-length n in Fig. 4 . The CMC values of the former homologues were ap- Fig. 4 Dependence of the log CMC of C n AC and SC n S aqueous systems on the alkyl chain-length n at 298.15K.
Fig. 5
The relationship between H s and log m t at concentrations above the CMC at 298.15 K. proximately twice those of the latter ones at the same n. The order of increasing CMC in alkyl surfactants, SC n S sodium alkylsulfonate sodium alkylcarboxylate C n AC, can be explained by the increase of electrostatic self-potential of the surfactant ions when the ionic head group moves from the bulk water to the vicinity of micellar α-methylene groups existing in the water-free region 28 .
However, some remarks should be made on water penetration into micelles. It was reported based on fluorescence quenching experiments 29 that in SC 12 S micelles, water seemed to penetrate further down to the β carbon of the surfactant. Molecular dynamics simulation results 30 have also shown a micellar region of SC 12 S 10 Å portion from R 12 Å to R 22 Å, where R is the distance from the micelle center of mass where the hydrocarbon and water are in contact.
The radial distribution function of water oxygens-to-micelle oxygens of SC 12 S revealed that the number of water molecules in the first coordination shell was 0.6 for the O atom between the methylene group and S atom, and 1.3 for the other three O atoms 30 . It was found in the first shell of the micelle 30 that 1 five to seven water molecules were hydrogen-bonded to an individual headgroup -OSO 3 -of 70 surfactant monomers, 2 60 of the water molecules had one micelle-to-water hydrogen bond, and 3 7 of water molecules formed two hydrogen bonds with two different dodecyl sulfate monomers. The second hydrogen bond between a water monomer and an -OSO 3 -group gives some additional stability to the micelle 31 .
Although the hydrophilic head of C 12 AC, -NH 3 , forms hydrogen bonds of the type -N-H OH 2 , the maximum possible number is probably three, which is smaller than that of the hydrophilic head of SC 12 S -OSO 3 -, and a second hydrogen bond cannot be made. If a single hydrogen bond between water and the ionic head is maintained on micellization, the formation of a second hydrogen bond might be one of the reasons for the lower CMC of SC 12 S as compared to C 12 AC.
Calculation of H s
The H s of C 12 AC was estimated from the partial molar enthalpy values of the ionic species on the basis of the mass action model of micelle formation 26, 32 34 .
There are three kinds of ionic species in an aqueous micellar solution of an ionic surfactant: surfactant ion, counterion, and micelle ion. In C n AC micelle solutions, there were n-alkylammonium ions, chloride ions, and micelle ions consisting of N n-alkylammonium ions and m chloride ions.
When the C 12 AC surfactant concentration changes by a value of dm t , the concentration of the individual species changes by values of dm DA , dm Cl , and dm M . The enthalpy change dH equals the sum total of the enthalpy changes of each species in the solution. Assuming that the partial molar enthalpy values of the solutes are constant within a very narrow concentration range, the values of H DA , H Cl , and H M were determined by means of solving the simultaneous linear equations 21 which hold at three adjacent points of concentration. As shown in Fig. 8 , the H DA and H Cl were almost independent of m t , whereas the value of H M seemed to decrease greatly with increasing m t . The large H M value was ascribed to the calculation on the basis of the concentration of the aggregates composed of N surfactant ions and m chloride ions. The H M / N values were similar to those of the surfactant ion and counterion. Figure 9 shows the H s and the contributions of three terms of the single surfactant ion, chloride ion, and micelle ion on the right-hand side of equation 21 . In this model, the negative slope of H s above the CMC seemed to be caused by the formation of the micelle ions. Fig. 7 The calculated concentrations of n-dodecylammonium ion m DA , chloride ion m Cl , and micelle ion m M against m t in C 12 AC micelle solutions.
CONCLUSION
The partial molar enthalpy of n-alkylammonium chloride, H CH 2 n NH 3 Cl n 1 12 , was determined in water at 298. The chain-length dependence of the thermodynamic parameters of these cationic surfactants was similar to that of sodium n-alkyl sulfates, anionic surfactants previously examined 11 .
The Δ H m , Δ G m , and TΔ S m per methylene group 1.4, 3.3, and 1.9 kJ mol 1 strongly suggest that both the enthalpic stabilization in aggregation of hydrophobic groups and the entropic stabilization owing to the release of hydrophobically hydrated water molecules occurred during micellization. The TΔ S m contributed to the lowering of ΔG m more than the ΔH m . In C 12 AC micelle solutions, H DA and H Cl partial molar enthalpy, H, of n-dodecylammonium ions and chloride ions were almost independent of m t the molality of C 12 AC , whereas the H M H of micelle ion showed a large decrease with increasing m t . The negative slope of H s H of C 12 AC above the CMC was caused by micelle ions. 
